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FRC Conj.inement Studies in FRX-C

K. F. FlcKenna, U. T. Armstrong, R. R. Bartsch, R. E. Chrien,
J. C. Cochrane, Jr., R. W. Kewimh, Jr., P. Klingner, R. K. Linford, D. J. Rej,

E. G. Sherwood, and M. Tunzewski

L06 Alamoe National Laboratory
Lens Alamos, New Plexico 87545

~he measured particle containment times of up to 190 w in FRX-C correspond
to RZ ecaling and agree with
diffubion. Further improvement in
field-reversed configuration (FRC)

I. Introduction
The pRrticle

Investigated in the
reeults from this
approximate ecaling
thesie results are
Llnford2 baaed on u

confinf:ment

prediction based on lower-hybrid crogei-field
confinement may be paaaible by translating a
in tiuch a way as to increa6e x~.

In FRC pl&ema~ has been experimentally
FRX-C device uver a aignificand range o! parameters. Thi

study, and data from the amcller FRX-B machine, confirm the
of particle containment t;me with R2/pio. In addition,

in excellent agreement with predictions by Tuszewski and
model that as~’umeai lower-hybrid cross-field tralAzpnvt driven

by the sharp density grudiecrm that are c~laracteristic of the high-beta FRC
equilibrium. Tne model also predicts that reduced density gradients resulting
from increased x~ (the ratio of FRC separ~trix radius to conducting wall radiuri)
should result in substantial increaezs in particle confinement time. The ratio

‘4
can be increa6ed by axially translating an already formed FRC out of the

tneta-pinch coil (formation ~egicm) into an appropriately shaped and magnet-
ically biaaed flux con~erver. Experiments in the next two years will involve
translating FRCS, increasing Xa, and testing the predicted increaae of particle
confinement time.

11. Description of Experiment
The FUX-C device ia a~eld-reversed theta pinch. The coil ia 2 m lon~ and

0.5 F in diameter; passive mirrors 0.20 m in axial extent and 0.44 ❑ in dia~eter
provide an on-axla mirror ratio of 1.17 at each end. The quartz diecharge tube
has an inner diameter of 0.4 m. The bias field is variable to about 4 kG. The
❑ain field rieee in 4.5 Ba to about 10 kG and has a crowbarred decay time of
300 OH.

An axial array of magnetic field probee ie uacd to dctcrminc the excl.udcd
flux ra”’iub in regions of ntraight field linee the ecparatrix radiug cnn

‘*$; r _ r and t}]e ❑ajorbe approximated in R = r8/fim A side-o[~
3.39-LmI double-ptisfi f:ltcrf$romctcr i~ used tor~~~~~rc /ndl through a dlarnetcr of
the FRC near the coil kidplane. Mcusurcments of T by Thurntion ocattcring urc’
taken with the scattering volume located 5 cm of ? the coil axis and IO cm irmn
the coil midpl~nc. Nrutron emiaB~on ifi ❑easured with a scintillator and an
activation counter. An cnd-~icwlng, double-pa~s, ruby-lnecr holographic inter-
ferometer Ie used to .lea~ure particle inventory and radinl dcnBlty profllv.
Vlaible and VUV tiprFtrnR-npy nrr u~rd for linr lnLrnHiticH nnd line b~uild[*ll~ll~

❑easurements.
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111. ~RC Formation Phase
The Droceas of FRC formation in a theta pinch hdg been described

elsewhere.1 To form lung-lived FRCe it i6 neceaeary to adjusit ●mpirically the
initial fill pressure. bias field level, paeaive magnetic mirror ratio, and
preionization conditlona. The mirror ratio appeara to have a mtrong influence
on the field-line reconnection at the plaama ends. When first operated, FRX-C

had a mirror ratio of 1.05. With an initial preaaure of 20 mtorr of deuterium,
the FRC ehape ae deduced from the magnetic probe array often lacked aynuaetry and
indicated aa axial movement of the FRC out of the coil. According to HHD code
aimulatione, reconnection proceeds more rapidly if the mirror ~trength is
Increaeed, thun reducing the likelihood of reconnection aaymmetry. A larger
❑irror ratio (1.17) was installed on FRX-C and the result was improved symmetry
of the rho profilee and a reduced tendency for axial ❑otion.

Iv. m i:al Plasma Parameters
Data obtained on a typical

discharge at 20 mtorr fill
pressure and 1.7 kG biaa field
are 6hown in Fig. 1 am a func-
tion of time. The external mag-
netic field waveform, B, iIS
recGrded near the coil midplane.
‘Ihe FRC length, 1A$, IB defined
as the distance between the
axial positions where ‘A ‘e-
cLea6es tto 65X of Ita ❑ ximum
value. The average denelty is
defined a~ ii = /ndg/4r
value of ii differ. lltt!$” f%

the volume-averaged dunalty.
The electron temperature
me,lsured by Thomson scattering
on similar discharges is
Te - 1(.)0 i 20 eV. The total
temperature, Te + Ti ie deduced
from pre6sure balance. The
quiescent pla~ma confilmment
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Thomson scattering ie 175 t 25 ●V.

V. iceling of ParticlP Confinement
“—It wes reporte~ or FRX-B at 17 mtorr filling pressure that the particle

confinement time wae TN 39 i 15 ~.l The magnetic field, temperature, and
deneity were ●imilar I the FRX-C parameters at 20 mtorr. The particle
inventory in FRX-C at 5 h d 20 mtorr hae been meaoured by the end-viewjng
holographic interfero8eL r, and independently estimated from the denalty
meauured by the eide-on int rferometer and volume meaeured by the magnetic probe
c!atn. A leaet-mquares fit of an ●xponential to the more definitive holography
data givee for the
●-folding decay time
TN -58225 peat 5m-
torr and IN = 187 t 25 Ma
at 20 mtorr. Fidure 2
presents the particle
containment time aa s
function of the aceling
parameter R2/Pio
ion gyro radius). ‘pi~h;
qolid dots are predict-
ions of the Tuszewaki-
Lla,ford lower-hybrid
trausport model. The
open circles kre the par-
ticle confinement times
determined from holo-
graphy. The half-open
circles are from the
side-on interferometer
and ❑agnetic probe data.
Although the particle
confinement t inm acale~
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Figure 2.

apljroximatcly linearly with R2/p
#

ua originally augRestcd by Hamusnki 3, it is
also clear from the Tu~zew~ki-Lln ~~d ❑od~l thnt other factors such a~ x~,
open-field-line conflncmcnt, lrmpc’rature, etc. , are important. It i6 Clcnr tllLIL

the prcdictione of the lower-l~ybrid trans)ort model and the cxpcrlmcntul rc~u!r~
are in good agreement, and confirm the R!! scaling of particle Cunfinumcnt 111 mI

FRC.
The FRC @table period, defined as tt~c duration of the qulrficent phullc

before Lhc onset of the n = 2 rotational ❑ode, la ob~urvcd to incr~tier as Lhc
containment time increasc~. llowcvcr~ neither the expcrimcntnl dntn [~(~r 111{’
th~oretic~l undcraLanding of the nmz MIodc iH tiUfficicllL to dulinc lhc
appropriate mcalln~ of LIIC stahlc period. It wnm rccrntly r[~porLrd by (JIlj 11L
Omka that the n-2 can be auppreuurd by npplicntton of quildrul]olc 11(’lIJH

following FRC formntlon.4 A qundrupole sy~tcm hnn rrcel]tly boc~l addrd 10 FRX-C
and preliminary rcfiultq UIHO domonetrnte aLnbllizntlon of thr n - 2 mod{).
Prr~umlnR thnt qundrupole NLnbJliznLlon hnH no drtrlmrnLnl effQcL 011
❑rnt ,

Cl)llf 111{’ -

Llit? mo6L lnlllorLnnl conrcrllk for FKC ruurnrcl~ Lwcomo lrun~port ~(.nl~ll~ nll,l

MN]) stubility an thr rnLio o! drl]~ity Rr~~dlvllt lrnRLll L() Ioli ~yl’o rilllltlF4 IN

furthrr incrc~ued.

-.
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V1. Translation Plans
Axi81 translation of ●n FRC

without ●xceoeive loaacs of particles,
flux, or energy leada to ● variety of
●ttractive fuolon reactor
pooaibilitiea. The proceea of
translation should permit increaaed
values of ‘8 ●nd Corresponding
increamea in the particle ccinfinement
time. The particle confinement can be
improved becauae the density gradient
IE reduced when Xa la increamed. In
Fig. 3 the predicted radial beta
profilee are compared for X8 = 0.S and

‘El - 0.9. ‘eta ‘:od~~~~~~a~he~~/8~
local nT relative
Thus, for uniform temperature, 0 ●nd
aenaity ● re proportional. The reduced

density gradient seen for Xe = 0.9 im
mobLly ● result of the average beta
conditio~ for an FRC, <0> - 1 - xg/2

1 I I I I I I

rn,

Figure 3.

1 The predicted par-where <B> la the volume-averaged bet; inside the aeparatrix.
title confinement tiv ie increaaed by ● factor of five for conditions that - are

sl.milar to FRX-C.
The dea.gn for the tranaltion region where the FRC ●nters a clo8c-fitting

flux conacrvcr iB still evolving. For ● first approximation, it may be aaaumed

that tl~e FRC undergoes a completely adiabatic proceaa with no loa~es of magnetic
flux, energy, or particle~m By ascuming a particular uniform presnure profile,

P- <B> that containa the maximum flux for a given Xa, analytic calculation; are
enaily carried out. However, a~ dlticuaaed in tlwae procesdinga, more refined
cnlc.ulntions are undcrwy that tiih into account dynamic effects by IJF, of a 2-1)
MlII) COCI’!.5 ‘An addition, all unnlyulti of Lho cffecLu of diffuBe proiile~ ham fllso
bcrn carrird Out.b
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